In this paper, the performance of an efficient solar dryer was experimentally investigated and tested. The dryer was configured for harvesting maximum rate of solar radiation by having a longer drying period. The three axial flow fans provide the air inlet which can accelerate the drying rate. An electrical backup was also used for continuous drying process. Final moisture content and cabinet temperature (CT) were recorded and compared to the open sun drying and oven drying process. White oyster mushroom was dried at 50 • C to 60 • C and the desired moisture content of 7.97% has been achieved without affecting the product color. Activation energy, product output rate (POR), evaporation rate have been calculated. Shrinkage of drying mushroom was analyzed at different temperatures. The important climatic variables such as solar radiation, temperature and relative humidity are the main factors that affect the drying rate constant (k). Final output indicates that the quality of dried product in solar powered air dryer was competitive with the branded products available in the market. This drying system can be used for a wide range of agricultural products.
Introduction
Moisture removal from food materials by thermal drying is an integral part of preservation processing. Drying is essentially a process for simultaneous heat and mass transfer operations. The drying system takes place in two stages. In the first stage the drying samples get heat from the solar radiation for evaporation of surface water and in the second stage the surroundings air flow is used to remove the moisture vapor from the drying materials.
Many researchers stated the design and performance of various types of solar dryers. Some of them designed and constructed multi-purpose transparent systems which were powered by air flow and PV modules (Schirmer et al. 1996) . In the drying process, the sample of the dried products gaining energy from both of hot air and direct solar radiation. In a solar drying system most effective factor is the inside cabinet temperature (CT) (Al-Juamily, Khalifa, Yassen 2007) . In terms of color, flavor and texture the quality of the solar drying products is better than the quality of the traditional drying products. Drying temperature has an effect on the brightness, hardness and springiness of the samples (Kotwaliwale, Bakane, Verma 2007) . In a cabinet type convective solar dryer, the maximum solar radiation has been absorbed and the discoloration problem has been prevented due to irradiation through direct sunlight. Solar tunnel dryer consists UV stabilized plastic covered flat plate collector which maintain the quality of products to meet with international market standard (Sreekumar, Manikantan, Vijayakumar 2008; Bala, Morshed, Rahman 2009 ). Tracking the sun allowing a faster rate of drying did not offer a significant advantage in terms of length of drying time duration (Mwithiga and Kigo 2006) . The market value of freeze drying products is high but for high cost it has some limits to use largely in the industrial sectors (Ciurzyńska and Lenart 2011) . Freeze drying is the process of dehydration by sublimation of product (Ratti 2001) . Open sun drying is costly but discontinuous process (Juang et al. 1984) . During the freezing and the solar drying process, some components have restrained in the solar drying system over freeze drying (Carpenter et al. 1994 ). In the microwave drying system, low air velocity performed for drying operation and it is possible to reduce the drying time. In comparison with other drying systems solar drying is more beneficial in sub-tropical countries (Funebo and Ohlsson 1998) . Rehydration system in microwave vacuum drying was significantly affected on the system pressure, microwave power level but in the solar dying process the affect is very negligible (Giri and Prasad 2007) .
For the nutritional value, delicacy and flavor, mushrooms have a high commercial demand. Mushrooms are known as a rich in vitamins, protein content, amino acids. They are also used as a meat substitutes and as a protein source in vegan diets (Ghorai et al. 2009 ). Pleurotus app., commonly known as the oyster mushroom which are two types such as white oyster mushroom and grey oyster mushroom) among all the most popular cultivated edible fungi worldwide due to its medicinal properties, vigorous growth and undemanding cultivations conditions (Gregori, Švagelj, Pohleven 2007) . For high moisture content and rich nutrients, oyster mushrooms spoil easily and quickly. After harvesting, the self-life of fresh mushrooms is only about 22 hr at ambient temperature. In refrigerator storage system, it can be stored 6-9 days. But after drying in convective solar dryer, its preservation time is more than 6 months.
After cultivating agricultural products, it has to undergo a number of processes which may cause various changes in physical, chemical and biological characteristics. If the agro-products will not be preserved in a good method, the quality of the product will go under minimum standard range. Among all types of drying methods, the open sun drying system produces unhygienic and low quality drying products. It takes long time, color changes due to overheating, losses in flavor and also decreases the dehydration abilities. Freeze and microwave drying for medicinal use basically peptide-based drugs, but these systems need electrical energy and also require long time. On the other hand, mechanical drying process requires fossil fuels as well as diesel, oil etc. Though drying is an energy conservation process, in case of economical question and suitability the freeze, micro-oven and mechanical drying are not suitable.
Dehydration of agricultural products by hot air flow and the passage of an air mass around a product represent a complex thermal process where unsteady heat and moisture transfer occur simultaneously. Heat and moisture transfer rates are related to the air velocity and the temperature of the circulating drying air (Sahin and Dincer 2002) . For faster moisture absorption of dried product need higher dehydration temperature (Tripathy and Kumar 2009) . From thousands of years, the solar radiation has been used to dry food. In traditional open sun drying method, the drying rate is dependent on some external parameters i.e. wind velocity, solar radiation, ambient temperature, relative humidity and also some internal parameters such as initial moisture content of samples, type of product etc. (Jain and Tiwari 2003) . Due to lack of sufficient preservation methods, farmers have to spread the product in thin layer on paved ground or on mats where this is exposed to sun and wind. The solar drying systems also improve the quality of products, minimize wastes. This drying technology is co-friendly (Prasad, Prasad, Vijay 2006; Prakash and Kumar 2013) . In recent years some studies have been reported on the drying of mushrooms (Giri and Prasad 2007; Shukla and Singh 2007) . This paper presents the experimental studies of the solar drying of mushroom using solar powered air dryer. The objective of this study is to evaluate the performance of solar powered air dryer and analyze the different drying characteristics. For the uniform temperature and low air velocity this dryer can produce the maximum possible solar energy. The quality of the solar drying sample has been compared with the open sun drying and oven drying method and carried out a significant analysis on temperature, moisture content, color and shrinkage effect.
Description of the Solar Powered Air Drying System
A solar powered air dryer (SDM-50) was selected for this experiment. Two methods were used to operate the dryer. Solar mode involves to utilization of the solar radiation for producing heat to dry the products. A 20 Watt solar panel is connected on the top back of the dryer for collecting radiations. Three fans were used for air blowing. Electrical mode is a standby mode which utilizes artificial heating by using coils connected to a backup electricity supply. The electrical mode is used in case of insufficient sunlight or cloudy sky. A duel channel digital temperature indicator (EQUINOX-T-1000-2CH) is provided with two sensors for measuring ambient temperature and CT, respectively. The isometric view of the solar powered air dryer is shown in Figure 1 and the sectional view of solar powered air dryer is shown in Figure 2 . The total drying system consist a DC adapter (12V, 2A), an AC 220V voltmeter, a thermostat cutoff indicator, three heaters and an inbuilt AC-DC converter. Here a 20V DC electrical flow has been changed to a 110 V AC electrical flow for operating the dryer heater, the blower, the compressor and sensors. The dryer is rain, dust, insect and rodent proof due to fixation of EPDM gaskets and can be easily replaced in case of damage. Minimal thermal loss occurred due to direct penetration of solar radiation into the cabinet through the glass window. Drying process occurred under the most hygienic conditions and the dried products meet the international standards quality.
The Components of the Dryer
The cabinet
The construction of the solar powered air dryer involves a metal cabinet made of aluminum alloy with a glass window on the top. The cabinet of the dryer is 1828.8 mm long, 1219.2 mm wide and 1371.6 mm high. The dryer has an electrical backup that is 3.6 kW. The inside of cabinet is provided with stainless steel internal structure and 12 stainless steel trays to place the samples to be dried. The whole cabinet of the dryer is made by aluminum. The solar radiation passes through the transparent glass window which is located on the top of the cabinet and it is oriented to south with a title angle equal to the latitude to collect maximum radiation. This drying system allows exposure of the product to solar radiation passing through its high transmittance glass which put on top, as an important feature for obtaining high quality dried products. The cabinet is modular in nature and it is made of anti-corrosive materials to meet the varying sizes and capacities. An UV radiation can work as an anti-bacteria and vitamin inducer factor. Color, taste and texture of samples can be maintained as in the original. It preserves the high amount of nutritional components namely vitamins, protein etc.
System dehydration accessories
In this drying process, three axial forced fans provide for producing sufficient hot air to evaporate of water from the surface of the samples. Water vapor diffuses through a boundary film of air and is carried away by the moving air. In this solar powered air dryer the CT is maintained 48 • C to 60 • C on clean sunny days while the ambient temperature arise between 24 • C and 35 • C.
Sensors
A duel channel digital temperature indicator (EQUINOX-T-1000-2CH) is provided with two sensor ports for measuring ambient temperature and CT, respectively. A control box is connected with the sensors. The box is also connected to a power source. It displays ambient temperature as well as CT at the same time. It should be operated at 240V AC. A hygro-transmeter was used to measure the humidity. The load cell display shows the weight change of samples inside the drying cabinet. Default temperature gauge is used to monitor and control the desired temperature. The moisture control in the samples is achieved by the regulation of the drying time based on the intensity of the solar radiation.
Methods and Materials

Analysis of Drying Parameters
Drying rate constant The drying rate constant (k) is an important parameter to accelerate the rate of drying and water remove from the sample. It was derived by fitting moisture content and the drying time. The mathematical equation form of the drying rate constant is,
where M gom is the moisture content of the white oyster mush-
, t is time from placement of sample in to the drying cabinet. The only changing factors that significantly contributed to faster drying, as measured by increasing k values, where an increase in drying temperature and a decrease in relative humidity of drying air (Weller and Bunn 1993) .
Product output rate and evaporation rate During the experiment, some dependent variables were considered such as product output rate (POR), evaporation rate (ER) and kernel cracking (KC). POR is an indicator of the dryer working capacity and evaporate rate (ER) is a quality index of the drying kinetics. In this work, the kernel cracking after drying was determined by using scanning electron microscope and described letter. From Eqs 2 and 3, POR and ER values were calculated.
where m d is the mass of the dried products, m v is the mass of the vaporized moisture (g), A b is the area of the dryer chamber (m −2 ), and t is drying time (s).
Activation energy
The activation energy is interpreted as the minimum energy required to break water-solid or water-water interactions and to move the water molecules from one point to another in the solid during drying time. The activation energy which required for drying is calculated using the Arrhenius equation as follows (Jena and Sahoo 2013) ,
In(D eff ) is the constant, E a is the activation energy (kJ/mol), Ris the universal gas constant (8.314 kJ/(mol K)), and T is the absolute temperature (K).
Sample Preparation
Fresh sporocarps of P. pulmonarius which known as white oyster mushroom purchased from a local mushroom farm, Ganofarm Sdn Bhd, Malaysia and kept in cold storage at 7-9 • C. Mushrooms were rinsed thoroughly for removing the dust and rated by size to eradicate the variations regarding apparent surface area. The sample was prepared in a hygienic procedure. Before inserting the sample into the dryer cabinet, the samples were weighted instantaneously. Weights of samples were measured every 45 min interval with a digital balance and weight loss has been recorded. The procedure was repeated again and again until the final moisture content was not reached minimum level. This corresponds to drying time of around 12 to13 hr depend on solar radiation, wind velocity and ambient temperature.
Drying Methods
Three types of drying process were used in this experiment. At 45 • C constant temperature, oven drying process occurred. The outdoor drying under open air rising 24 • C to 35 • C and the solar drying with solar powered air dryer occurred when the temperature is rising 48 • C to 62 • C. The drying process was over when the minimum moisture content of mushrooms reached 7.97%. Initial moisture content of the samples is determined as percentage by weight difference with a moisture analyzer. During drying period, the weight is taken one hour duration. The average non-dimensional moisture ratio of experimental samples expressed by the Eq. 5 which is given below,
MR is the dimensionless moisture ratio, M 0 and M e is the initial and final moisture content on dry basis, respectively (Şevik et al. 2013) . Initial moisture content of white oyster mushroom was calculated by following equation,
Environmental Condition
The experiment was carried out in August to October (2013) at the University of Malaya, Kuala Lumpur, Malaysia. Relative humidity and the temperature were measured during the experiment by using a temperature humidity measurement instrument (−40 • C-90 • C, 0-100% RH) and recoded. The graph of relative humidity (RH) and the environmental temperature (ET) are shown in Figure 3 .
Experimental Setup
The drying of agricultural products depends on the temperature and humidity of the surroundings. Drying by traditional hot air under open sun, may prolong the drying time due to its intake of high humid air. But increasing the drying temperature seems necessary to shorten the drying time. On the other hand, the controlling temperature and rates of water removal is critical to gaining optimal product quality during drying in solar dryer. The experimental setup is shown in Figure 4 . During the experiment, a duel channel digital temperature indicator was provided with two sensors for taking temperature. One sensor was used for measuring ambient temperature (AT) and other sensor was used for CT of dryer. It was operated at 240V AC. Connect the control box with sensor earmarked on the back side and it displayed ambient temperature as well as CT at the same time. The ambient temperature (AT) and CT of the drying period are shown in Figure 5 . White oyster mushroom was dried under CT range at 48
• C to 60
• C and the values have been recorded. The total experiment was carried out by the solar energy, hot air flow. Mushroom was dried in three different time durations i.e. 12 hr, 12.3 hr and 13 hr. Then the drying temperature varied between 48
• C to 60 • C. The utilization rate of energy is one of the main facts of the drying system. At the beginning of the drying operation, there was a tendency to increase the drying rate. But with the reduction of moisture content of samples, the rate was decreasing. Gradually the moisture content of mushroom after open sun drying and the solar drying is given in Figure 6 .
According to the experimental outcomes, the solar drying system is the best efficient system for energy consumption. In this work, the specific moisture extraction rate values (kg/kWh) were recorded and found that the best temperature value was 55 • C. It was examined that the solar drying system is one of the shortest drying systems among all traditional methods.
Results and Discussions
This experiment was based on three different samples of white oyster mushroom. Each time we took 3×1000 gm of mushroom and exact weight is determined time to time. When the sample weight was found 79.761 gm/1000 gm, it was recorded as final drying weight. The initial moisture content of the white oyster mushroom was 92.67% and after drying by the solar dryer it reached 7.97%. In this paper, different types of drying process were discussed and experimentally showed the solar powered air drying method. Table 1 has shown the values of the parameters such as drying temperature, time and moisture contents for different drying methods. It also showed that the drying time duration of solar powered air dryer are less than others methods. Comparatively found better result in terms of final moisture content.
Other the other hand, in oven drying process the electricity is essential but in the solar drying process only need solar radiation. So, in the remote areas of developing countries the solar drying process become popular where the grid connection is not available. In this drying operation it may play a major role to maintain the quality products and also the color, texture and smell of samples. Figure 7 represented the color of white oyster mushroom after open sun drying and after solar powered air drying, respectively.
During this process, three drying temperature such as 48 • C, 55 • C and 60 • C were recorded in different air velocity. The decreasing rate of moisture content with time has shown in Figure 8 (a) and (b). In this work, it has shown that for increasing drying time duration, moisture content was decreased. Finally it was found that when the CT reached in 60 • C, the moisture reduction rate is very sharp. For increasing the air velocity, the final moisture content was decreasing as well as decreasing the drying time.
The drying rate was decreased when the moisture content was decreased. Figure 9 (a) and (b) have shown the moisture content vs. drying rate at different temperature. In this section, the drying process occurred in the falling period only and the diffusion mechanism controlled the moisture movement. The drying rate was appeared almost double, when the temperature was increased from 48 • C to 60 • C.
Among all independent and dependent drying parameters the drying rate constant, POR and ER are very important. Table 2 has shown the drying rate constant during the experiment. Figure 10 has shown the activation energies which calculated in drying time. The POR and ER has shown in Figure 11 .
After open sun drying
After solar drying Fig. 7 . Dried samples (White oyster mushroom). From Table 3 we found that, when the effective diffusion coefficient was increased, also the drying air temperature was increased. Figure 12 represented the variation of water activity (A w ) against hourly time at 48 • C to 60 • C. From the figure, it was found that when the experimental drying process takes advantages of solar radiation as a complementary input i.e. heat source and the dehydration of mushroom can be maintained smoothly still water activity at 0.35.
SEM Analysis
The shrinkage characteristics of mushroom are one of the key factors in the drying process. The shrinkage has a direct relation with the moisture content. In this article Figure 13 has shown the shrinkage of dried white oyster mushroom. Actually in this experiment the shrinkage character was maintaining a linear behavior with moisture content (92.67% to 7.97%). Effect of different drying condition on the structure of dried mushroom has observed under scanning electron microscope (SEM). SEM images of dried sample at 55 • C and 60 • C have shown and compared with the fresh sample. In spite of the presence of pours, the dried sample at 55 • C has shown a structure similar to that of the fresh sample. More wrinkled structure was found in 55 • C.
Experimentally it has investigated that the final moisture content of samples and the method of drying affected on shrinkage statistically. It was shown that the solar powered air dried sample produces less shrinkage than oven drying and open sun drying process. During the solar dryer the surface temperature and center temperature was same and reduce percentage of moisture content is equal in every part of drying chamber. It was carefully observed that the dried sample over 60 • C is totally broken.
At 55 • C it shows that the despite of the presence of pores, a structure is similar to that of the fresh sample.
Conclusions
The performance of an efficient and economic solar dryer for drying white oyster mushroom has been tested. The selected sample could retain its original color after drying process which is an important parameter to determine the quality of the product. In this dryer the drying time duration and moisture content of the product were reduced considerably in compression with open sun drying, oven drying and freeze drying. This system overcomes the drawback of traditional drying system such as microbial contamination and exposure to a humid environment due to its closed rate has been found out at different temperature and air velocity. In this study it was found that the water activity of mushroom decrease while R-value increase with longer drying time and higher drying temperature. Shrinkage effect of mushroom has been investigated. It showed that at 55 • C the shrinkage is less and the structure is similar to the fresh sample.
